NMR TOOL WITH HELICAL POLARIZATION 

CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims benefit under 35 U.S.C. § 1 19(e) of U.S. Provisional 
Application 60/409,773 filed on September 11, 2002, which is incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to nuclear magnetic resonance (NMR) 
measurements. More particularly, it relates to a downhole logging tool having a robust and 
abrasion-resistant protective collar and a conforming sensor configuration, preferably 
helically-shaped, for making downhole NMR signal measurements. 

BACKGROUND OF THE INVENTION 

[0003] The derivation of information regarding petroleum or other organic fuel deposits 
at an underground geological location is the subject of numerous technological approaches. 
The fluid flow properties of porous media have long been of interest in the oil industry. To a 
considerable degree this interest has been focused on nuclear magnetic resonance logging 
ever since A. Timur proved experimentally that NMR methods provide a rapid, non- 
destructive determination of porosity, movable fluid, and permeability of rock formations. 
See "Pulsed Nuclear Magnetic Resonance Studies of Porosity, Movable Fluid and 
Permeability of Sandstones," J. of Petroleum Technology, v.21, pp. 775-86 (1969). 

[0004] NMR logging is based on the observation that when an assembly of magnetic 
moments, such as those of hydrogen nuclei, are exposed to a static magnetic field, they tend 
to align along the direction of the magnetic field, resulting in bulk magnetization. The rate at 
which equilibrium is established in such bulk magnetization is characterized by the parameter 
Ti, known as the spin-lattice relaxation time. Another related and frequently used NMR 
logging parameter is the spin-spin relaxation time T 2 (also known as transverse relaxation 
time), which is an expression of the relaxation due to non-homogeneities in the local 
magnetic field over the sensing volume of the logging tool. Both relaxation times provide 
information about formation porosity, composition and quantity of formation fluid, and other 
parameters important in oil exploration. 

[0005] Various techniques exist for disturbing the equilibrium of an assembly of nuclei in 
a static magnetic field in order to measure the relaxation parameters of interest. Usually, one 
applies a radio-frequency (RF) oscillating magnetic field in a direction substantially 
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orthogonal to the static magnetic field. If the oscillating magnetic field has the proper 
resonant frequency (known in the art as the Larmor frequency, given by the expression 0) = 
7B0, where B G is the strength of the static field and 7 is the gyromagnetic ratio constant), then 
the spinning nuclei will be tipped away from the static magnetic field direction. The nuclei 
precess around the static field at the Larmor frequency and generate measurable signals until 
they return to equilibrium according to the Ti relaxation time. 

[0006] NMR measurements of parameters of a geologic formation can be done using, for 
example, the centralized MRIL® tool made by NUMAR, a Halliburton company, and the 
sidewall CMR tool made by Schlumberger. In a standard NMR measurement using these 
tools, the static magnetic field is provided by one or more appropriately configured magnets, 
and a series of RF pulses are applied to tip the spins of the nuclei in a sample volume. 
Signals from the precessing spins are then measured by the voltage induced in one or more 
receiving antennas. 

[0007] In general, NMR logging devices may be separate from the drilling apparatus (in 
what is known as wireline logging), or they may be lowered into the borehole along with the 
drilling apparatus, enabling NMR measurement while drilling is taking place. The latter 
types of tools are known in the art as logging-while-drilling (LWD) or measurement-while- 
drilling (MWD) logging tools. The present invention is directed to an improvement of 
LWD/MWD tools. 

[0008] U.S. Patent No. 5,280,243, to Miller, discloses an NMR apparatus and method for 
geophysical examination of a borehole as it is being drilled. The content of the Miller patent 
is expressly incorporated herein for all purposes. With reference to FIGS. 1, 2, and 3 herein 
(corresponding to FIGS. 1, 2, and 4 of the Miller patent) the tool is made up of several 
sections, including drilling section 22, NMR logging section 24, and stabilizing section 26. 
In operation, the tool generates a gradient static magnetic field in a region adjacent to the 
borehole. This static field extends radially with respect to the longitudinal axis 28 of the tool 
(which generally coincides with the axis of the borehole) and has a generally uniform 
amplitude along the azimuth with respect to axis 28. A pulsed RF magnetic field is generated 
by the antenna 48 to excite nuclei in a substantially cylindrical shell within the borehole, 
which shell defines the sensitive volume extending along the length of the tool. The antenna 
is also used to pick up and measure signals from the sensitive volume, which are then 
processed to determine petrophysical properties of the material within the sensitive volume. 
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[0009] More specifically, the NMR logging portion of the tool 20 disclosed in the Miller 
patent includes a probe section having permanent magnet 46, RF antenna 48, and control 
section 72 made up of electronic/electrical components. The Miller patent discloses various 
conditions for the proper operation of the device, including the condition that the static and 
RF magnetic fields produced by the magnet and the antenna must remain orthogonal to each 
other, and thus symmetrical about the longitudinal axis 28, while the tool 20 is being rotated. 

[0010] Further, the Miller patent discloses the use of a protective sleeve to protect the 
magnet, the antenna, and other components forming the sensor portion of the tool from the 
extreme conditions in the borehole. The sleeve in Miller is made of an electrically insulating 
material, such as fiberglass, that does not interfere with the static magnetic field or the RF 
electromagnetic fields. However, although fiberglass and other polymers may be fairly hard 
and durable under normal conditions, when placed in a borehole that is being drilled, a sleeve 
made of such materials is rapidly worn away by the severe mechanical abrasion and extreme 
temperatures. This creates a danger of damaging the delicate and expensive tool components 
covered by the sleeve. 

[0011] Accordingly, there is a need to provide greater strength and abrasion resistance in 
a probe section of a wireline or MWD logging tool, while preserving the requisite 
orthogonality condition between the static magnetic and RF electromagnetic fields during the 
measurements. 

SUMMARY OF THE INVENTION 

[0012] In one aspect, the present invention concerns a sensor configuration for the 
logging section of a downhole wireline or measurement-while-drilling (MWD) logging tool. 
This configuration provides the high strength and abrasion resistance required to protect the 
sensor components of the tool, while preserving the requisite electro-magnetic conditions 
between the generated magnetic fields. 

[0013] In accordance with a preferred embodiment of the present invention, the 
permanent magnet(s) and the antenna of the sensor are twisted over the span of the logging 
section of the tool. This twisting allows hard-surfaced wear pads to be placed on the sides of 
the logging section, preferably in a helical pattern, such that interference with both the static 
and RF magnetic fields of the tool is minimized. In this configuration there is always a point 
where the wear pads make contact with the borehole regardless of the rotational angle of the 
tool. At the same time, the requisite orthogonality condition between the static magnetic field 
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and the RF electromagnetic field is preserved because, in a preferred embodiment, for any 
given cross-section the permanent magnet and associated antenna have been rotated by the 
same twist angle. 

[0014] In a preferred embodiment, wear pads made of an abrasion resistant material are 
placed on the sides of the logging section of the tool. These wear pads can be made of a 
conductive non-magnetic material, such as metal, but will have only a minimal effect on the 
RF magnetic field of the tool because they do not shield the RF field from leaving the tool 
and penetrating into the formation. In a preferred embodiment, the wear pads are placed in a 
180° helical pattern along the span of the collar, and so would always be the first part of the 
logging section to contact the borehole. 

[0015] In a specific aspect, the present invention is directed to an NMR tool for logging 
while drilling. The apparatus is mounted closely adjacent the drill bit for rotational and 
longitudinal movement with the drill bit as it forms the bore hole. The apparatus can be 
operated at that time to generate the output signal indicative of properties of the materials 
sought to be analyzed in the region adjacent the apparatus. The probe section of the logging 
apparatus utilizes helical polarized static and RF magnetic fields, substantially orthogonal to 
each other. This allows the probe section to be constructed with lateral projections or wear 
pads constructed of metal or other strong and abrasion resistant material. Thus the abrasion 
resistance and overall strength and rigidity of the probe section can be enhanced so as to 
exceed that of prior art devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] Other objects and many attendant features of this invention will be appreciated 
and better understood with reference to the following detailed description when considered in 
connection with the accompanying drawings, wherein: 

[0017] FIG. 1 is a side elevational view, partially in section, of the lower end of a prior 
art NMR apparatus for logging while drilling; 

[0018] FIG. 2 is an enlarged section view of the prior art device depicted in FIG. 1, taken 
along line 2-2 in FIG. 1 ; 

[0019] FIG. 3 is an enlarged isometric view partially in section of a portion of the prior 
art apparatus shown in FIG. 1; 
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[0020] FIG. 4 is a three-dimensional view of the logging section in a preferred 
embodiment of the present invention; 

[0021] FIG. 5 is a cross-section of the probe section of the present invention, illustrating 
a non-magnetic collar with lateral protrusions, which act as wear pads; 

[0022] FIG. 6 is a schematic comparison of static and radio frequency magnetic fields in 
the prior art versus the helical configuration of the present invention. In both the conventional 
and helical configuration, the B0 and Bl fields are perpendicular. 

[0023] FIG. 7 illustrates a finite element model analysis showing the minimal effect of 
the metal collar protrusions on the RF magnetic field produced by the tool of the present 
invention; 

[0024] FIG. 8 shows a partial cross-section with parameters for the theoretical 
mathematical analysis of a twisted magnetic cylinder, used in accordance with the present 
invention; 

[0025] FIG. 9A shows the cross-section of a regular magnetic cylinder with diametrical 
direction of magnetization; 

[0026] FIG. 9B shows magnetic field produced by a twisted magnetic cylinder; 

[0027] FIG. 10A shows a two magnet configuration used in a preferred embodiment of 
the present invention; 

[0028] FIG. 10B shows a four magnet configuration; 

[0029] FIG. 1 1 shows a graph of magnetic field intensity (B sum ) as a function of distances 
along the longitudinal axis of a non-twisted magnetic cylinder; 

[0030] FIG. 12 shows graph of magnetic field intensity (Bsum) as a function of distances 
along the longitudinal axis for twisted (helical) magnetic cylinder, used in accordance with 
the present invention; 

[0031] FIG. 13A shows the static field intensity of the twisted magnetic cylinder with 
twist angle of 3/2 7r, 

[0032] FIG. 13B shows a sensitive volume shape for the twisted magnetic cylinder with 
twist angle of 3/2 7r, 

[0033] FIG. 14 shows an elementary volume of sensitive volume; 
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[0034] FIG. 15 shows a twisted saddle-shaped antenna paired with the twisted magnetic 
system; 

[0035] FIG. 16, shows a saddle-shaped antenna comprised of a combination of 
longitudinal and arc-shaped conductors. 

DETAILED DESCRIPTION OF THE INVENTION 

[0036] FIGS. 1, 2, and 3 depict a prior art nuclear magnetic resonance (NMR) apparatus 
for logging while drilling (LWD), as disclosed in U.S. Patent No. 5,280,243 to Miller. The 
content of the Miller patent is incorporated herein for all purposes. As shown in FIG. 1, the 
apparatus comprises drilling means 22, NMR logging means 24, and position stabilization 
means 26, in an integrated assembly arranged to drill a borehole and simultaneously measure 
NMR signals from an area near the borehole. With further reference to FIG. 2, in operation 
the apparatus is arranged to be rotated about its longitudinal axis 28 under power from a 
drilling apparatus (not shown) to cause the drilling means 22 to bore into the ground 30 at the 
situs of the geological structure sought to be analyzed, and thus form a borehole 32. 

[0037] The NMR logging means 24 of this prior art device comprises a probe section 
made up of a permanent magnet 46, an antenna 48, and a control section 72 containing 
electronic/electrical components. A permanent magnet 46, shown in a cross-section in FIG. 
2, generally has a tubular configuration and is designed to produce a gradient static magnetic 
field in the radial direction (i.e., outward from the longitudinal axis 28 of the tool). The static 
magnetic field of permanent magnet 46 has a field direction substantially perpendicular to the 
longitudinal axis 28, and a generally uniform amplitude along the azimuth with respect to that 
axis. This field is produced in a cylindrical region extending radially from the axis of the 
borehole 32. 

[0038] The antenna 48 of the probe produces a RF magnetic field in the ground structure 
near the borehole to excite the nuclei of the materials sought to be analyzed. The direction of 
the RF magnetic field is substantially perpendicular to both the longitudinal axis of the 
apparatus and to the static field direction (stated in the Miller patent as one of the conditions 
for the proper operation of the device). The control section 72 comprises electronic/electrical 
components of the NMR logging means 24, designed to process NMR signals received from 
the sensitive region of the tool and to provide output signals indicative of the properties of the 
materials in this region. 
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[0039] In general, when lowered in a borehole, the probe section comprising logging 
means 24 is placed above the drilling means 22. It rotates with the drill bit about the 
longitudinal axis 28. Position stabilization means 26, in the form of fins, are provided on the 
side of the drilling means 22 to ensure that the position of the tool with respect to the 
borehole is stable. As is known in the art, in operation the entire tool is exposed to the high 
temperatures and extremely abrasive environment of the borehole. Thus, fins 26 serve in part 
to protect the apparatus 20 from hitting the walls of the borehole. Notably, however, in the 
prior art device illustrated in Figs. 1-3 the fins do not extend to cover the logging means 24, 
which thus remains unprotected from direct contact with the walls of the borehole. For this 
reason, as further illustrated in FIG. 3, in the prior art the logging section is covered by a 
sleeve 70, which is preferably made of fiberglass, to protect the magnet and the antenna from 
these extreme conditions. 

[0040] The present invention is directed to a modification of the geometry and 
configuration of prior art devices such as that illustrated in an exemplary embodiment in the 
Miller patent. A primary purpose of the modification is to provide high strength and abrasion 
resistance in a logging section of an NMR logging tool, while preserving the requisite 
orthogonality condition between the static magnet field generated by the permanent 
magnet(s) and the RF magnetic field generated by the antenna. 

[0041] Before discussing the details of the structure and operation of the probe shown in 
FIG. 5, it should be noted that in order to make magnetic resonance measurements of fluids, 
such as oil, in rock formations adjacent to a borehole by the use of a probe as described 
herein, three basic conditions must be satisfied. 

[0042] The first condition is that the rotation of the drill must be well below the Larmor 
frequency. In a preferred embodiment, the Larmor frequency is in the range of one MHz, 
while the rate of tool rotation is less than ten Hz, and therefore the condition is always 
satisfied. 

[0043] The second condition is that electromagnetic radiation from the RF antenna must 
not be shielded on the outside by the collar forming the probe. In the case of metal collars, 
this condition typically means that the antenna must be placed outside the collar. This 
condition is necessary when the drill collar is electrically conductive because, as known in 
the art, electromagnetic waves do not propagate well through conductors. Furthermore, any 
additions to the collar, such as wings or wear pads, must not cause a significant distortion in 
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the magnetic fields produced by the antenna. In FIG. 7, the effect of the addition of "wings" 
on the side of the collar section of the tool in a preferred embodiment of the invention has 
been modeled in two dimensions in a finite element analysis. This analysis shows the Bl 
field flux lines, and demonstrates that added wings have an insignificant effect on the overall 
magnetic field pattern produced by the RF antenna. 

[0044] The third basic condition that must be satisfied is that while the probe with the 
drilling means is rotated the static and RF magnetic fields produced by the probe must remain 
substantially orthogonal to each other in the formations near the borehole. This orthogonality 
condition is satisfied by a preferred probe configuration of this invention, because both the 
permanent magnet(s) and the RF antenna are twisted in the same direction and at the same 
twist angle. Thus, for any given cross-section, as shown in FIG. 5, the magnet(s) and the 
associated antenna have been rotated from the reference point by the same twist angle, thus 
preserving orthogonality. FIG. 4 shows the proposed collar geometry of this invention in 3- 
dimensions with the antennas, antenna soft-magnetic core, and external composite removed. 
FIG. 4 also shows the non-magnetic collar 80 with lateral extensions or "wings" 82 and 84, 
which provide increased abrasion resistance. Within the collar are one or more longitudinally 
disposed permanent magnets. In the embodiment shown in FIG. 4, two magnets 86 and 88 
are disposed within the collar 80 on opposite sides of the collar. These magnets extend 
longitudinally the length of the probe section and are helically configured with the same 
longitudinal axis and twist angle as the overlying collar. Additionally, in FIG 5, the soft 
magnetic antenna core 85A, and 85B, are also twisted similar to the antenna and magnet. 

[0045] FIG. 4 illustrates in three-dimensions the collar geometry of the logging section 
used in a preferred embodiment of the present invention. Collar 80 is preferably made of a 
strong but non-magnetic alloy. In a preferred embodiment the collar is fabricated from an 
alloy, such as Inconel 718 made by Inco Alloy International at 3200 Riverside Drive, 
Huntington, West Virginia 25720. Other non-magnetic alloys could be used including, but 
not limited to, Monel metal or the alloy known as P-550, manufactured by Schoeller- 
Bleckmann in Ternitz, Austria. In FIG. 4 the collar has two lateral projections or "wings" 82 
and 84. In the preferred embodiment the lateral protrusions 82 and 84 are manufactured as an 
integral part of the collar. Methods of manufacturing the collar with a helical twist and 
integral lateral projections are known in the art. For example, in one embodiment the entire 
collar could be made by milling or forging from a block of the alloy. However, other means 
of attaching lateral projections or wings to act as wear pads could be used. These include, but 
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are not limited to, welding, bolting, riveting, or use of adhesives. It will be appreciated that 
the collar and the lateral projections may be made of the same or different materials. 

[0046] Additionally, while in the embodiment illustrated in FIG. 4, two lateral 
projections 82 and 84 are provided along the length of the generally cylindrical collar 80, it 
will be appreciated that the number of lateral projections can vary. 

[0047] In a preferred embodiment, magnets 86 and 88 are within the collar, as shown in 
FIG. 4 and FIG. 5. Preferably, two magnets are used that produce a dipole magnetic field 
with a magnetization axis substantially perpendicular to the longitudinal axis of the collar. In 
the illustrated embodiment these magnets extend the entire length of the collar section and 
preferably are made of samarium-cobalt alloy. The magnets are preferably configured in the 
form of a helix with the same direction of twist and angle of twist as the lateral projections 
(or wings) of the collar. It will be appreciated that the magnets can be made in a variety of 
configurations without departing from the scope of the invention. For example, the magnets 
may comprise magnet sections as described below. Other embodiments conforming with the 
generally helical overall shape of the apparatus of this invention may also be used, as will be 
appreciated by those of skill in the art. 

[0048] The preferred embodiment shown in FIG. 4 also has two extended ribbons of 
magnetic material 86, 88 that are flat on one side and curved on the other. Other 
configurations include but are not limited to a single ribbon extending the length of the collar, 
or a single tubular magnet. In addition, more than two ribbon-shaped magnets may be used. 
In another embodiment, the magnet(s) may consist of short segments of magnet material 
placed end to end. Each segment is offset slightly in a circular direction, so as to form an 
overall helical configuration over the length of the probe. In a preferred embodiment these 
segments are about 2 inches long and are each offset by a sufficient amount to make a helix 
of the required degree of twist over the length of the collar. 

[0049] In a preferred embodiment, illustrated in FIG. 4, two lateral projections 82 and 84 
are provided along the length of the generally cylindrical collar 80. FIG. 4 shows an 
approximately 90° twist over the length of the collar. However, the degree of twist may be 
more or less than 90° with the twist angle produced by the helical rotation of the collar 80 
and internal magnets 86 and 88 along the length of the probe section. In a preferred 
embodiment, wherein the non-magnetic collar has two "wings," as shown in FIG. 4, the 
degree of twist is 180° over the length of the collar. The degree of "twist" over the length of 
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the probe section can vary, and the angle of twist can vary, as a function of distance along the 
probe section. However, in a preferred embodiment the angle of twist is uniform over the 
length of the probe and the metal collar 80, magnets 86 and 88, and antenna elements 90A, 
90B, 92A, and 92B form a helix, whose longitudinal axis is the same as the longitudinal axis 
of the probe section. 

[0050] Reference is now made to FIG. 5, which shows a cross-section of the drill collar 
of the present invention with lateral projections or wear-pads 82 and 84. It should be noted 
that this figure represents a cross-section of the "probe" section only of the logging tool. In a 
MWD tool this probe section would be part of an integrated package or assembly, which 
would also include drilling means and position stabilization means, all in an integrated 
package or assembly arranged to measure signals from a borehole, as it is being drilled. Thus, 
when the probe section in FIG. 5 is part of a measurement-while-drilling logging tool, it is 
rotated with the drilling means. 

[0051] The probe section is made up of an assembly of permanent magnets 86 and 88 and 
antenna elements 90A, 90B, 92A, and 92B. The probe section is constructed to produce a 
gradient static magnetic field in the radial direction - that is, outward from the central 
longitudinal axis of the apparatus. 

[0052] This magnetic field is produced in the geological structures 30 adjacent to the 
borehole 32. The probe also contains antenna elements 90A, 90B, 92A, and 92B, which 
serve to produce a radio frequency (RF) magnetic field in the ground structure adjacent to the 
borehole to excite nuclei of the materials sought to be analyzed. In the illustrated 
embodiment the antenna also serves to receive NMR signals from the materials sought to be 
analyzed. The output signals indicate the properties of the materials analyzed. 

[0053] In one embodiment of the invention, the probe section has a non-magnetic collar 
with lateral projections or "wings" 82 and 84, as shown in cross-section in FIG. 5. These 
"wings" bear against the inside of the borehole 32 and provide the increased strength, rigidity 
and abrasion resistance needed to protect the probe section 24. 

[0054] The helically configured permanent magnets 86 and 88 of the present invention 
produce a helical polarization in the region of the borehole adjacent to the probe section. The 
requirement that the magnetic field produced by the permanent magnets and the magnetic 
field produced by the RF magnetic field remain orthogonal is established in accordance with 
the invention by the helical configuration of the RF antennas over the length of the probe 
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section. The antenna elements 90A, 90B, 92A, and 92B in a preferred embodiment occupy 
the depressions or troughs shown in FIG. 4 as 94A, 94B, 96A, and 96B. The direction of 
twist and twist angle of the RF antenna elements are identical to the direction of twist and 
twist angle of the one or more permanent magnets. Thus, any given cross-section through the 
probe section of the tool in a preferred embodiment would have the configuration shown in 
FIG. 5. It will be appreciated that sequential cross-sections taken at progressive points along 
the longitudinal axis of the probe section will be progressively displaced in a clockwise or 
counter-clockwise fashion. 

[0055] In accordance with this invention, the total degree of displacement along the 
length of the probe section can vary. FIG. 4 shows an approximately 90° helical rotation of 
the collar and the internal magnet(s). In a preferred embodiment, the total displacement over 
the length of the probe section is 180°. The total degree of displacement or twist over the 
length of the probe section can be less than or greater than 180°. However, in the 
embodiment shown in the cross-section in FIG. 5, the non-magnetic collar has two lateral 
projections or "wings" 82 and 84, which function as wear pads. In this embodiment, a 180° 
twist will ensure that the wear pads will always be the first part of the probe section to contact 
the abrasive borehole wall during logging-while-drilling operations. 

[0056] In operation the top surface of the wear pads 82 and 84 engages the wall of the 
borehole, thereby keeping the apparatus centered in the borehole and providing enhanced 
strength and abrasion resistance for the probe section 24. In addition, the probe section is 
covered with an abrasion resistant composite, such as fiberglass 70. The top surface of the 
wear pads 82 and 84 are level with or extend slightly above the surface of the composite, so 
that they bear against the abrasive walls of the borehole during rotation of the logging 
apparatus. 

[0057] Referring now to FIG. 5, which shows a cross-section through the probe section of 
the present invention, the antenna elements 90A, 90B, 92A, and 92B have a configuration 
similar to the antenna elements shown in the prior art probe section depicted in FIG. 3. In 
FIG. 3, the antenna elements are labeled 52A, 52B, 54A, and 54B. The antenna elements of 
the present invention are of the same general size and configuration. However, they are 
twisted over the length of the probe section at the same twist angle as the metal collar 80 and 
magnets 86 and 88, as shown in both FIG. 4 and FIG. 5. In a preferred embodiment of the 
present invention the antenna elements 90 A, 90B, 92 A, and 92B occupy the depressions or 
troughs in the non-magnetic collar shown as 94A, 94B, 96A, and 96B in FIG. 4. 
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[0058] As noted, the antenna elements 90A, 90B, 92A, and 92B serve as the means for 
creating the RF field in the sensitive volume in order to excite the nuclei of the materials 
sought to be analyzed. In addition, the antenna element serves as the means for receiving 
NMR signals produced by the excited nuclei. With reference to FIG. 3, the antenna 50 serves 
as a calibration antenna - i.e., the antenna and associated electronics (not shown) effect the 
measurement of the electrical loading of the environment in order to calibrate the system. 
The details of the construction and arrangement of the antenna elements 90 A, 90B, 92 A, and 
92B will best be understood by reference to Figs. 3, 4, and 5. As one can see, the antenna 
comprises two pairs of parallel connected conductors. FIG. 3 shows the antenna 
configuration disclosed in the Miller patent with the two pairs 52 and 54 connected in series 
with each other to form a series/parallel antenna 48. The series/parallel antenna 48 is 
connected to associated electronic/electrical components of the system (e.g., a RF 
transmitter/receiver (not shown)). 

[0059] In the present invention, the two pairs of conductors are labeled 90A, 90B, 92 A, 
and 92B. These two pairs of conductors, in accordance with a preferred embodiment of the 
invention, are in the form of a thin strip of conducting material, such as copper, and have a 
width that constitutes in a preferred embodiment approximately 16 degrees of the circular 
periphery of the collar 80 upon which the antenna is mounted. The four strips or conductors 
90A, 90B, 92A, and 92B making up the antenna run the length of the collar section 80 in the 
helically configured troughs or depressions shown as 94A, 94B, 96A, and 96B in FIG. 4. 
The angular distance separating the conductors 90A and 90B from each other is 
approximately 20 degrees. In a preferred embodiment, the conductors 92A and 92B are 
similarly constructed and oriented with respect to each other. The conductors 90A, 90B, 
92A, and 92B are electrically connected at one end to a ring conductor 56 (see FIG. 3). The 
conductors 90 A and 90B are electrically connected to each other by a bridging conductor 58. 
In a similar manner, the other ends of conductors 92A and 92B are electrically connected to 
each other by a bridging conductor 60. The bridging conductor is electrically connected to a 
central conductor 62A of a coaxial cable 62, while the bridging conductor 60 is electrically 
connected to a braided wire conductor 62B. 

[0060] The two conductor pairs 90A, 90B, 92A, and 92B are preferably mounted on the 
collar 80 at diametrically opposed positions with respect to each other (see FIGS. 4 and 5). 
In particular, conductor pair 90 is disposed along the north pole of magnet 86, while 
conductor pair 92 is disposed along the south pole of magnet 88. 
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[0061] The conductors pairs 90 A, 90B, 92 A, and 92B follow the helical depressions 94A, 
94B, 96A, and 96B shown in FIG. 4, so that the RF magnetic field produced by the 
conductors remains substantially orthogonal to the helically polarized static magnetic field 
produced by magnets 88 and 86, as shown in Fig.6. 

[0062] As mentioned above, the antenna is connected to a transmitter/receiver. In 
particular, the conductor 62A is connected to a positive potential output/input terminal 
(designated by the "+" in FIG. 3) of the RF transmitter/receiver, while the conductor 62B is 
connected to ground. The transmitter/receiver may be of any suitable construction for 
producing the desired electrical signals to excite the nuclei of the material(s) in the sensitive 
volume and for providing electrical output signals representative of the NMR signals 
produced by the excited nuclei. 

[0063] The calibration antenna 50 used in a preferred embodiment is generally a small 
antenna that comprises a twisted pair of thin electrical conductors 5 OA terminating at a 
looped end SOB. One of the conductors 50A is electrically connected to the central conductor 
64A of another coaxial cable 64, while the other of the conductors 50A is electrically 
connected to the braided wire conductor 64B of that cable. The cable 64 is connected to 
suitable calibration circuitry (not shown) located within the collar section in which other 
electronic/electrical components making up the system 20 are located. Thus, the braided 
conductor 64B of the cable is connected to ground and the conductor 64A is connected to a 
positive potential terminal (designated by the in FIG. 3) of the calibration circuitry. 

[0064] The electronic/electrical components that make up the system 20 (see FIG. 1) 
(e.g., the transmitter/receiver, controller, etc.) are located within a "control" collar section 72. 

[0065] The following section provides a mathematical analysis establishing that the static 
magnetic field produced by the helically configured permanent magnet(s) and the alternating 
(RF) magnetic field produced by the correspondingly configured antennas maintain the 
required substantial orthogonality over the length of the probe section. The mathematical 
relations given below describe the influence of the magnet and antenna dimensions, angle of 
twist, and magnetization direction on the Signal to Noise Ratio of the described twisted NMR 
system relative to the regular 'untwisted' configuration. 
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THEORETICAL BACKGROUND 

SNR Relative Estimation 

[0066] One of the major indicators of the efficiency of an NMR sensor is its Signal to 
Noise Ratio (SNR). The higher the SNR, the higher the quality of the obtained data. To prove 
feasibility of the Helical Polarization NMR tool further, the SNR relative estimation method 
is used to show that the tool's twisting (of up to about 6° per inch) does not decrease the SNR 
of the basic untwisted tool. 

[0067] Diverse expressions for SNR estimation are described in the literature. Various 
parameters in these expressions can be divided into three main categories: fundamental 
constants, sample properties, and tool parameters. Many of the parameters categorized as 
"sample properties " and * 'tool parameters " can be evaluated only approximately, so that the 
SNR estimation error can go as high as tens ef percents. 

[0068] SNR estimation becomes even more complicated when NMR signals are 
evaluated from non-uniform samples under inhomogeneous B0 and Bl fields, as with the 
MRIL® tool made by NUMAR. Therefore, since to obtain reliable results, in the following 
discussion we will not consider the SNR absolute value evaluation for a "twisted" MRIL® 
tool, but rather the NMR signal's relative change as a function of twist angle r. 

[0069] Consequently, we will compare an SNR obtained from an untwisted NMR tool, 
"the basic SNR with the SNR of "the twisted tool " which is a modification of the basic tool 
obtained as a result of twisting along its axis on the twist angle t. 

[0070] It will be clear to a person of ordinary skill in the art that such a twisting of the 
magnet and antenna will cause changes in the B0 and Bl fields within a sample formation. In 
this analysis, these changes are taken into account by using the expressions for the B0 and Bl 
given below. Thus, the shape and volume of the sensitive volume (Vs) will change, while the 
Larmor frequency co^, and therefore the B0 amplitude, will remain constant for each twisted 
tool not dependent on t. Furthermore, twisting will cause a slight change in the antenna's 
quality factor, antenna's active resistance, and inductance 

[0071] It is evident that for the SNR's relative evaluation, the following parameters 
remain unchanged: sample properties, temperature, Larmor frequency, pulse sequence, 
transceiver parameters, wire conductivity, etc. (not to mention fundamental constants). Thus, 
they can be omitted while SNR relative analysis is performed. 
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[0072] In this analysis, the tools under comparison do not include oversaturated elements, 
but may include non-linear elements (e.g., soft ferrite). It is assumed that any non-linear 
elements are working within the linear range of their characteristics (e.g., BH curves). This 
assumption enables the use of the Principle of Reciprocity for SNR evaluation. See D. I. 
Hoult and R.E. Richards, "The signal-to-noise of the nuclear magnetic resonance 
experiment," J. Magn. Reson. 24:71-85 (1976). 

[0073] Thus, the main parameters that are related to SNR and influenced by twisting are: 
BO , Bl ,V S . Accordingly, the following expression is defined for an estimation of the 
twisting effect on SNR of NMR sensor: 

2?1< ±50) ^ 



(1) 



where 57(90°, r) is twisted tool 90° pulse amplitude; 

B j(- B0) is the Bl projection onto the plane perpendicular to B0 within the /-volume 
of the sensitive volume (V S i)\ 



sin 



BL it 



is a flip angle factor taking into account a RF pulse deviation 



^l(90P,r) 2 J 

from 90° pulse within /-volume, which results in an imperfect tipping of protons; and 
n is the number of elementary volumes by which a sensitive volume was divided. 



Static Field Estimation 

[0074] In the following analysis use is made of well known expressions for a magnetic 
vector potential A and the magnetic induction vector B for finding mathematical relations 
between magnets' properties and produced magnetic field. In particular, the magnetic vector 
potential is given by the expression: 




where M is a vector of a domain magnetization 

R is a radius vector from a domain to a target point, and 

Fis magnet volume. The magnetic induction vector is given by the expression: 
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B = rotA (3) 

[0075] With reference to FIG. 8, the elementary magnetic system has the shape of a ring 
segment (in a cross section) twisted by the angle r along the magnet length L, according to 
the following notation: 

a - center line angle - an angle between the Jf-axis and a center line of a segment 
cross-section; 

j8 - magnetization angle - an angle between a center line and a vector of magnetization 
M; 

2A(p - central angle of the segment; 

Rt - radius-vector from the point S (a source of magnetic field) to the point T (target 
point) with coordinates {Xt, Yt, Zt)\ 

rl and r2 - inner and outer segment radiuses; and 

r, cp, z - attributes of cylindrical coordinate system. 

[0076] The twist angle r is constant and is related to magnet length L by the expression 

r = tL (4) 

where Ms a twist coefficient (for example, at t = — , as shown in FIG. 8, t = — — - ). 

2 2*L 

[0077] The center line angle a depends on coordinate Z and is defined as 

a = / • Z + aO (5) 

where a0 is angle a at the center of magnet length (Z=0). 

[0078] Taking into account the above, the following expressions can be obtained for the 
Magnetic Flux Density components at the point T(Xt, Yt, Zt): 
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where MO is an amplitude of a magnet magnetization (corresponds to He for SmCo). 
[0079] A few important cases of using equations (6), (7), (8) are discussed below. 
Regular Magnetic Cylinder Case (not twisted) (see FIG. 9A): 
x = 0,f = 0; A(p=7i; a0=7t/2; 0=0. 
(2) Twisted Magnetic Cylinder Case (see FIG. 9B): 



x=n/2j^j^-; A9=tc; tx0=7t/2; 0=0. 
(2L) 



(3) Two Magnets Case (see. FIG. 10A): 
Magnet 1 : 



t=7e/2,/ = 7 -^-t ; A<p = constant; a0=7i/2; (3 = 0. 



(21) 



Magnet 2: 



T=7i/2,/= 7 ^ T ; A<p = constant; a0 = 3/27t; P=rc. 



(21) 



cos q> cos(f • z + aO) + sin (p sin(f • z + aO) 

Bx=Bxl +Bx2 
By = By I +By2 
Bz=Bzl +Bx2 



(4) Four Magnets Case (see FIG. 10B): 



Magnet 1 : 

x=n/2,t=n/{2L) 

Acp = const 1 

a0=0 

P=jc/2 

ri =rll 

r2=r21 



Magnet 2: 

T=%/2,t=n/{2L) 
Aq> = const2 
a0=n/2 

p=o 

rl=rl2 
r2=r22 



Magnet 3: 

T=7rf2,f=7l/(2Z) 

A(p = const 1 
aO =7t 
p = -7t/2 
rl=rll 
r2=r21 



Magnet4: 

T=7t/2,r=7i/(2Z) 
Aq> -const2 
a0= 3/271 
P=tc 
r/ =ri2 
r2=r22 



j&c =5x7 + Bx2 + Bx3 + 5x4 
By = Byl + 5y2 + By 3 + 5>>4 

»7 = Rrl + E7.2 + «7? + #z4 
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Calculation examples 

[0080] A variation of a polarization field of a magnetic cylinder before "twisting" 
(Regular Cylinder Case: t = 0) and after "twisting" it by the angle of t = ti/2 (Twisted 
Cylinder Case: / = n/{2L) has been considered. The following parameter values were used: 
rl = L2" f r2 = 2" ,L = 52" t M0 = 790000 A/m, a0 = n/2,A<p = n, and the sensitive radius is 
6.75". The calculation results are shown in Tables 1 and 2 below and in graph form in FIG. 
11 and FIG. 12. 

[0081] The graph in FIG. 1 1 shows the magnetic field at the antenna zone for an 
untwisted magnetic cylinder and the graph in FIG. 12 shows the magnetic field calculated to 
be produced by the helically-configured or twisted magnetic cylinder. 

[0082] FIG. 12 shows, in graph form, the results of a numerical integration of Equations 
(6), (7) and (8) for the idealized case of a helically-twisted magnetic cylinder. The lines show 
Bsum (total magnetic field intensity) at various orientations over the length of the twisted 
magnetic cylinder. Comparison to FIG. 1 1 (the untwisted cylinder) shows that after twisting 
of the cylinder the ellipticity of the magnetic field has changed very little. 

[0083] Fig. 13 A and Fig. 13B show the results of the static field simulations of the 
twisted by r = 3 I In magnet by using the equations (6), (7), and (8). As shown in Fig. 13 A, 
at the fixed radius (6.75"), the static field intensity varies in a wide range, from 30 to 140 
Gauss, along the entire magnet length. However, the variation of the field in the middle 
portion of the magnet (about 1/3 of the magnet length), which is typically used as an NMR 
sensitive volume and where antenna is located, is similar to that of the untwisted magnet. 
Fig.l3B shows that, at fixed field intensity (130 Gauss), the spatial variation of the sensitive 
volume shape at the middle portion of the magnet is very close to the ideal cylinder of about 
6.75" radius. 

[0084] This mathematical model and the calculated field intensities are intended only to 
illustrate that the probe section of a downhole measurement- while-drilling NMR apparatus 
can be twisted to produce a helically configured magnet and still retain substantial 
orthogonality between the static magnetic field and the radio frequency (RF) magnetic field 
produced by the antenna so that NMR measurements of the region surrounding the probe can 
be made. FIG. 6 shows a comparison of the direction of the static magnetic field Bo and the 
induced or radio frequency magnetic field Bl for the conventional dipole configuration, as in 
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the prior art device, and the helically configured fields produced by a twisted magnet of the 
probe section of the present invention. 
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Sensitive Volume Dimensions 

[0085] Aside from the BO value itself, there exists a narrow spectrum of the fields' values 
permitting NMR signal reception at 0) 0 that may be represented by a Lorenzian/Gaussian 
lineshape, such that 

B0~ < BO < BO' 

where 2?0"and Bo + are some limiting magnitude field values that correspond to the 
probability of the NMR signal received. B 0' and B 0 + define the outer and inner limiting 
shells of the sensitive volume, respectively. 

[0086] FIG. 14 shows an elementary volume of a sensitive volume. When a surface dS S i 
shrinks into the point, it is evident that a sensitive volume of /-number will be expressed by 
the equation 



dV Si = lim 

dS^O 



dS, 



(9) 

where 9? r and jtf are some generalized coordinates in the normal (to area dSsd direction 
corresponding to equipotential field surfaces of i?0 r and Bo^ - 

[0087] A difference (WJ - from Eq. (9) can be evaluated from the following 
relationship: 

m-Bo;) _ dB o 

i (10) 

[0088] Since the relative estimation of the twisting effect is performed in this analysis at 
the same Larmor frequency, excitation level, and the sample properties, Bot and B Or are 
constant values not depending on twist angle 7. Therefore, their difference (B0t - Bot) will 
also be constant for all t values. 

[0089] Furthermore, since a surface B0 is an equipotential surface (by its nature), then the 
direction of the normal to this surface, at any point i lying on the surface, is collinear with the 
B0 field gradient direction at point i. Thus, Eq. (10) can be rewritten as follows: 
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1 (11) 



[0090] And the entire sensitive volume can be defined as follows: 

" dS Si 
V s = (BO -BO + ) • lim £ 



grad(B0\ m 

1 ' (12) 

Gradient of the BO Field 

[0091] Expressions for a B0 field gradient can be obtained easily by the one skilled in the 
art from equations' system Eq. (6) - (8). The general expansion of grad(Bsum) at any point 
in the Cartesian coordinate system (using Eqs. (6) - (8) and taking into account the 

expression Bsum = ^Bx 2 + By 2 + Bz 2 ) is given by: 

podcM-i — (13) 



Calculation of the Bl Field 

[0092] FIG. 15 shows a twisted saddle-shaped antenna paired with the twisted magnetic 
system. Evaluating the Bl absolute value is not important here, since the SNR absolute value 
is not being sought, although it is important to accurately represent, as much as possible, the 
Bl field distribution in the sensitive volume zone. Thus, the constant values and time- 
dependent variables in the expression for Bl are not included. To obtain analytical 
expressions for the Bl field of such an antenna Biot-Savart 's Law is used, taking into account 
the twist coefficient t defined in Eq. (4). 

[0093] A saddle-shaped antenna is comprised of a combination of longitudinal and arc- 
shaped conductors. Therefore, it will be sufficient to obtain general expressions for these two 
types of shapes. Accordingly, with the designations shown in FIG. 16, a magnetic field 
generated by longitudinal and arc-shaped conductors can be estimated at any point of space 
using the corresponding Eqs. (14) - (16) and Eqs. (17) - (19): 
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Bx_aL(UO, R,e,Zt) :=!• 



Lant 
2 



Lant 



rt(Zt- z) cos(t z-h^O)- (R sin(9)- r sin(t z-h^O)) 

J[(R cos(6)- r cos(t z-i-50)) 2 -h(R sin(e)- r sin(t z-t- £0)) 2 + (Zt- z) 2 ] 



-dz 



By_aL(I,£O,R,0,Zt) :=I 



Lant 
2 



Lant 



(Rcos(9 ) - r cos(t z+ ^0)) + rt(Zt - z) sin(t z+ £0) 

J[(Rcos(9) - rcos (tz+ £0)) 2 -h (Rsin(9 ) - rsin(tz+- ^0)) 2 +- (Zt - z) 2 ] 



-dz 



Bz_aL(U0,R,9,Zt) :=I 



Lant 
2 



•Lant 



-rt- 



Rxos(9 - t-z- $0)- r 



J[(Rcos(9)- r cos(t z+- 50)) 2 + (Rsin(6 ) - r sin(t z+ ^0)) 2 + (Zt- z) 2 ] 



-dz 



Bx_aR(I^O,R,0,Zt,side,dir) :=— 

2 



£0+ ti^ side -h n dir 
2 



By_aR( 1,^0, R,9,Zt, side, dir) :=-■ 

2 



, n Lant . , 
£0 + t- side 

2 

* Lant 

£0 + t side + 71 dir 

2 



Bz_aR(I,$0 > R,e,Zt, side, dir) :=-• 

2 



^ Lant . j 
5O-1- t- side 

2 

• A Lant . , , . 

£0-h t- side +- 71 dir 

2 



c _ Lant 

£0 + t side 

2 



Lant . , 

r cos ( w ) • Zt side 

2 



J (R cos(9)- r cos(vj;)) 2 -h(R sin(9)- rsin(i|/ )) 2 +- |zt- inside j 



r-sin(\j/ )-|Zt-i^-side 



j 



-d\j/ 



( R-cos (0 ) - r cos ( y )) 2 + (Rsin(8 ) - rsin( y )) 2 + (zt - inside j 



Rcos(0 - \\f ) - r 



(Rcos(0)- rcos(v|/)) + (R sin(9 )- r sin(v )) -1- [Zt-— —-sidej 



Lant 



\2 
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[0094] Thus, taking into account equations (14) - (16) and (17) - (19), an antenna field 
comprised of two longitudinal conductors and four arc-shaped conductors can be described as 
follows: 

Bl>(l,§D,R,8,Zt) :=Bx_aL(l,^0,R,e,Zt) + Bx_al{-I,g> + n,R,e ,Zt) + ■ 

i + Bx_aR(l,40,R,e,Zt,l,l) + Bx_aR(l,^0,R,e ,Zt, 1 ,-l) + Bx_aR(-I,£p,R,0 ,Zt,-l , l) + Bx_aR(-I,£p,R,9 ,Zt,-l ,-l) 

Bly(l,^O,R,0,Zt):=By_aL(l,^O,R,e,Zt) + By_aL(-I,£0 + 7i,R,9 ,Zt) + i (21) 
■ + (By_aR(l,§D,R,9,Zt,l,l) + By_aR(l,^O,R,0 ,Zt, 1 ,-l) + By_aR(-I,§O,R,0 ,Zt,-l , l) + By_aR(-I,§D,R,0 ,Zt,-l,-l 

Bl2(l,4O,R,0,Zt) :=Bz_aU(l,§0,R,e,Zt) + Bz_aU(-I,§> + tt,R,0 ,Zt) + ■ (22) 
i + (Bz_aR(l,$),R,e,Zt,l,l) + Bz_aR(l,^O,R,0,Zt,l,-l) + Bz_aR(-I,40,R,6 ,Zt,-l , l) + Bz_aR(-I,§0,R,e ,Zt,-l,-l 

[0095] Superposition of the two antennas having an angular displacement of 2 A§ (of one 
antenna to the other) leads to the saddle-shaped geometry of the double loops antenna 
depicted in FIG. 15. 

Comparative SNR Estimation Example 

[0096] Here, as an example, one basic tool and four various twisted tools differing only 
by the twist angle x (x = 7i/2, x = 7C, x = 37i/2, x = 2it) and by A^ are used. Each one of the 
tools' antennas, represented by the twisted saddle-shaped antenna, has two loops. The 
antennas' dimensions are as follows: r = 3", Lant = 24", and 0° < A£ < 20° (see FIGS. 15, 
16). 

Evaluation Steps 

1 . Define the nodes of the sensitive area and values of B0 X , B0 y ,and B0 Z in the nodes by 
using expressions (6), (7), and (8) for the constant magnetic field components 
(assuming B0 = 130 Gauss). Since the sensitive volume has an evident symmetry, it 
is sufficient to consider only its quarter. In the case of a rough division of the 
sensitive area, it is acceptable to use interpolation. 

2. Define the gradient B0 using (13) for each /-node of the sensitive area. 

3. Define the Bl components using (20) - (22) for each /-node of the sensitive area. 

4. Define the elementary squares dSst of the sensitive area. 

5. Optimize the expression (1) with the goal of obtaining the maximal SNR(t) for each of 
the five cases by finding Bl (90°, r) and A^(t) for the optimal cases. 
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6. Compare the SNR(r) optimization results. 
Results of Analysis 

[0097] Table 3 shows that during twisting (under the condition that the tool is 
motionless), SNR tends to increase up to r = 3ir/2. This phenomenon mainly occurs because 
while twisting, the BO field gradient in the sensitive radius tends to decrease when the twist 
angle increases (by 5-7% in average). As a consequence, an increase in the sensitive shell 
thickness is observed, which corresponds to a stronger NMR signal coming from the sensitive 
volume. The estimated relative change in the SNR of the twisted sensor (last column in 
Table 3) is within a few percents only. This result allows to conclude that the twisted 
configuration of the NMR sensor is feasible. 
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[0098] As a result of the optimization, using the "maximal SNR" criterion, the angle 2A£, 
FIG. 15, tends to 0°. In other words, the linear conductors of the antenna, where the one- 
directional currents are flowing, tend to coincide. The reason for this is that such a position of 
the antenna loops at receiving mode ensures a higher signal amplification (the main signal 
comes from the zones of the sensitive volume, located along the N-S direction, where the 
lower gradient of B0 takes place). 

[0099] Without further elaboration the foregoing will so fully illustrate the invention that 
others may, by applying current or future knowledge, adapt the same for use under various 
conditions of service. Although the present invention has been described in connection with 
the preferred embodiments, it is not intended to be limited to these embodiments but rather is 
intended to cover such modifications, alternatives, and equivalents as can be reasonably 
included within the spirit and scope of the invention, as defined by the following claims. 
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